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ABSTRACT 

The Defence Research Establishment Ottawa has developed a Digital Radar Receiver and Data 
Acquisition System as part of an experimental air-to-air surveillance radar that will be used to 
demonstrate an air-to-air surveillance capability for the Canadian Forces CP-140 Maritime Patrol 
Aircraft. This report presents an analysis of the radar return signal expected from a point target, and 
predicts the existence of transient Doppler artifacts associated with the leading and trailing edges of the 
radar pulses. A software simulation also produces transient Doppler artifacts, and experimental 
measurements of a simulated target signal confirm their existence. The magnitude of the artifact is 
significant when a wideband receiver is used, that is, when the system bandwidth is not small with respect 
to the radar intermediate frequency. The potential impact of the artifacts on radar performance is 
discussed, as are techniques to mitigate their deleterious effects. 

RESUME 

Le Centre de recherches pour la defense Ottawa a mis au point un recepteur radar numerique et un 
Systeme d'acquisition de donnees faisant partie d'un radar de surveillance air-air experimental qui sera 
utilise pour doter l'avion de patrouille maritime CP-140 des Forces canadiennes de la capacite de 
surveillance air-air. Le rapport renferme une analyse de 1'echo radar auquel on s'attend ä partir d'une 
cible ponctuelle et predit l'existence d'artefacts Doppler transitoires associes aux flancs avant et arriere 
des impulsions radar. De plus, une simulation informatisee produit des artefacts Doppler transitoires, et 
des mesures experimentales d'un signal de cible simule confirment leur existence. Le rapport etudie 
1'impact potentiel des artefacts sur les performances du radar ainsi que des techniques d'attenuation de 
leurs effets nuisibles. 

in 



EXECUTIVE SUMMARY 

The role of the Canadian Forces CP-140 Maritime Patrol Aircraft is evolving to include new activities 
such as air-to-air surveillance in support of drug interdiction and other civil and military missions. To 
support these new roles, the Defence Research Establishment Ottawa has developed an experimental 
pulse-Doppler radar to demonstrate an air-to-air surveillance capability for the CP-140. This capability 
will permit the detection and tracking of small, slow, low-flying aircraft. 

The report presents an analysis of the pulse Doppler return signal expected from a point target. The 
analysis predicts the existence of transient Doppler artifacts associated with the leading and trailing edges 
of the radar pulses. The maximum power level of the artifacts, relative to the maximum power level of the 
target signal, is shown to be inversely proportional to the square of the radar intermediate frequency. For 
the experimental air-to-air radar, the analysis predicts an artifact power level about 30 dB less than the 
target signal level, with the artifact occurring at a frequency that is the negative of the target signal 
Doppler frequency. 

A software simulation of the quadrature demodulation of the pulse Doppler return signal from a point 
target produces a time-frequency image that exhibits transient Doppler artifacts similar to those predicted 
by the analysis. The maximum power level of the simulation artifact is about 27 dB less than the 
simulation target level. The simulation artifact appears in the time-frequency image at a frequency that is 
the negative of the target Doppler frequency. 

Range-Doppler maps derived from experimental measurements of a synthetic target signal applied to the 
Digital Radar Receiver exhibit transient Doppler artifacts consistent with both the analysis and the 
software simulation. The maximum power level of the experimentally measured artifact is about 25 dB 
less than the synthetic target level. The experimentally measured artifact appears in the Range-Dopple 
map at a frequency that is the negative of the synthetic target Doppler frequency. 

:r 

An air-to-air surveillance radar on the CP-140 would normally operate in a down-looking configuration, 
in which case the dominant noise source would be the return signal from the portion of the earth's surface 
illuminated by the main lobe of the antenna, that is, the main lobe clutter. The main lobe clutter will 
appear in a Range-Doppler map at a Doppler frequency determined by the aircraft speed and by the 
antenna look direction. The transient Doppler artifact associated with the main lobe clutter could 
potentially mask targets and reduce the detection performance of the radar. 

Techniques are discussed to reduce the deleterious effects of the transient Doppler artifacts on the 
detection performance of the radar. These techniques include: 
■ using a Variable Frequency Oscillator to tune the Doppler frequency of the main lobe clutter, and its 

artifact, to zero; 
■ using pulses with non-zero rise and fall times to reduce the relative power level of the artifacts; and 
■ increasing the radar intermediate frequency to further reduce the relative power level of the artifacts. 

Combining these techniques, the power level of the transient Doppler artifacts could be reduced to the 
noise floor of the radar receiver, at which point they would have little or no impact on system 
performance. 

Hughes, Steven J., Mitigation of Transient Doppler Artifacts in Airborne Pulse Doppler Radar. Defence 
Research Establishment Ottawa, DREO TR 1999-125. December 1999. 



SOMMAIRE 

Le role de l'avion de patrouille maritime CP-140 des Forces canadiennes evolue et comprend de nouvelles 
activites telles que la surveillance air-air ä l'appui de la repression du trafic des drogues et d'autres missions 
civiles et militaires. Pour appuyer ces nouveaux roles, le Centre de recherches pour la defense Ottawa a mis au 
point un radar ä impulsions Doppler experimental pour doter le CP-140 de la capacite de surveillance air-air. 
Cette capacite permettra la detection et la poursuite de petits aeronefs volant ä basse altitude. 

Le rapport renferme une analyse de l'echo d'impulsion Doppler auquel on s'attend ä partir d'une cible 
ponctuelle. L'analyse predit l'existence d'artefacts Doppler transitoires associes aux flancs avant et arriere des 
impulsions radar. II est demontre que le niveau de puissance maximal des artefacts, par rapport au niveau de 
puissance maximal du signal de cible, est inversement proportionnel au carre de la frequence intermediaire du 
radar. Pour le radar air-air experimental, l'analyse predit un niveau de puissance d'artefact d'environ 30 dB 
inferieur ä celui de la cible, l'artefact se produisant ä une frequence egale ä la frequence Doppler du signal de 
cible mais de signe negatif. 

Une simulation informatisee de la demodulation en quadrature de l'echo d'impulsion Doppler venant d'une 
cible ponctuelle produit une image du temps frequence qui presente des artefacts Doppler transitoires 
semblables ä ceux predits par l'analyse. Le niveau de puissance maximal de l'artefact de simulation est 
d'environ 27 dB inferieur ä celui de la cible de simulation. L'artefact de simulation apparait dans l'image du 
temps frequence ä une frequence egale ä la frequence Doppler de la cible mais de signe negatif. 

Des cartes de portee Doppler derivees de mesures experimentales d'un signal de cible synthetique applique au 
recepteur radar numerique presentent des artefacts Doppler transitoires compatibles avec l'analyse et la 
simulation informatisee. Le niveau de puissance maximal de l'artefact mesure lors de l'experience est 
d'environ 25 dB inferieur ä celui de la cible synthetique. L'artefact mesure lors de l'experience apparait dans 
la carte de portee Doppler ä une frequence egale ä la frequence Doppler de la cible synthetique mais de signe 
negatif. 

L'antenne d'un radar de surveillance air-air ä bord du CP-140 serait normalement orientee vers le bas, auquel 
cas la source de bruit predominante serait l'echo venant de la partie de la surface de la Terre illuminee par le 
lobe principal de l'antenne, c'est-ä-dire le clutter de lobe principal. Le clutter de lobe principal apparait sur une 
carte de portee Doppler ä une frequence Doppler determine« par la vitesse de l'aeronef et par l'orientation de 
l'antenne. L'artefact Doppler transitoire associe au clutter de lobe principal risque de masquer des cibles et de 
reduire les performances de detection du radar. 

Le rapport etudie des techniques pour reduire les effets des artefacts Doppler transitoires nuisibles aux 
performances de detection du radar. Ces techniques comprennent: 
■ l'utilisation d'un oscillateur ä frequence variable pour accorder la frequence Doppler du clutter de lobe 

principal, et de son artefact, ä zero; 
■ l'utilisation d'impulsions avec des temps de montee et de descente inegales ä zero afin de reduire le niveau 

de puissance relatif des artefacts; 
■ l'augmentation de la frequence intermediaire du radar en vue de reduire encore le niveau de puissance 

relatif des artefacts. 

En combinant ces techniques, on pourrait reduire le niveau de puissance des artefacts Doppler transitoires 
jusqu'au plancher de bruit du recepteur radar, ou leur impact sur les performances du Systeme serait minime ou 
nul. 

Hughes, Steven J., Attenuation des artefacts doppler transitoires dans le radar ä impulsions doppler 
aeroporte. Le Centre de recherches pour la defence Ottawa, DREO TR 1999-125. decembre 1999. (en 
anglais) 
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1.0 INTRODUCTION 

The role of the CP-140 Maritime Patrol Aircraft is expected to evolve to include new activities such as 
air-to-air surveillance in support of drug interdiction and other civil and military missions. However, the 
AN/APS-506 radar on the CP-140 was designed for submarine and ship detection, and is unsuitable for 
use in the air-to-air surveillance role. To help address this deficiency, the Defence Research 
Establishment Ottawa has developed an experimental pulse-Doppler radar to demonstrate an air-to-air 
surveillance capability for the CP-140 radar. This capability will provide the ability to detect and track 
small, slow, low-flying aircraft. 

This report addresses the phenomenon of transient Doppler artifacts that can potentially degrade the 
detection performance of a radar system by masking otherwise detectable targets, and presents techniques 
that can be used to mitigate the deleterious effects of the artifacts. 

Section 2.0 presents a mathematical analysis of the pulse Doppler return signal expected from a point 
target. The analysis predicts the existence of transient Doppler artifacts associated with the leading and 
trailing edges of the radar pulses. The maximum power level of the artifacts, relative to the maximum 
power level of the target signal, is shown to be inversely proportional to the square of the radar 
intermediate frequency. For the experimental air-to-air radar, the analysis predicts an artifact power level 
about 30 dB less than the target signal level, with the artifact occurring at a frequency that is the negative 
of the target signal Doppler frequency. 

Section 3.0 presents a software simulation of the quadrature demodulation of the pulse Doppler return 
signal from a point target. The simulation produces a time-frequency image that exhibits transient 
Doppler artifacts similar to those predicted by the mathematical analysis in Section 2.0. The maximum 
power level of the simulation artifact is about 27 dB less than the simulation target level. The simulation 
artifact appears in the time-frequency image at a frequency that is the negative of the target Doppler 
frequency. 

Section 4.0 presents a Range-Doppler map derived from experimental measurements of a synthetic target 
signal applied to the Digital Radar Receiver. The Range-Doppler map exhibits transient Doppler artifacts 
consistent with both the mathematical analysis in Section 2.0 and the software simulation in Section 3.0. 
The maximum power level of the experimentally measured artifact is about 25 dB less than the synthetic 
target level. The experimentally measured artifact appears in the Range-Doppler map at a frequency that 
is the negative of the synthetic target Doppler frequency. 

Section 5.0 presents a discussion of the potential impact of the transient Doppler artifacts on the detection 
performance of a radar system, and considers techniques to mitigate the deleterious effects of the artifacts. 
The techniques considered include using a Variable Frequency Oscillator, using pulses with non-zero rise 
and fall times, and increasing the radar intermediate frequency. Combining these techniques, the power 
level of the transient Doppler artifacts could be reduced to the noise floor of the radar receiver, at which 
they would have little or no impact on system performance. 



2.0 MATHEMATICAL ANALYSIS 

This section presents a mathematical analysis of the quadrature demodulation of a pulse Doppler radar 
signal In particular, the analysis is focused on the transient Doppler artifacts that are shown to exist after 
the leading and trailing edges of the radar pulses. The maximum power level of the artifacts, relative to 
the maximum power level of the target signal, is shown to be inversely proportional to the square ol the 
radar intermediate frequency. 

2.1    PULSE DOPPLER RADAR SIGNAL 

The pulse Doppler radar return from a point target can be represented by a pulsed sinusoidal signal, offset 
in frequency from the radar intermediate frequency by the Doppler frequency of the target. The sinusoidal 

signal is given by 

x0(t)=sm(o)t) C1) 

where   co = 2n{f0 + fD ) is the angular signal frequency (radians per second), 

fo is the radar intermediate frequency (Hz), 
fD is the target Doppler frequency (Hz), and 
t is the time (seconds). 

The nth pulse in a sequence of N pulses can be described by 

xn{t)=[u{t-{n-l)T)-u{t-{{n-l)T + r))]x0(t) (2) 

where   n is the pulse number (1 to N), 
T is the pulse period, or pulse repetition interval (PRI), 
T is the pulse width (x « T), and 
u(t) is the unit step function defined by 

*>-{? :>o° 
For the experimental air-to-air radar, the pulse width is about 640 nanoseconds. The pulse period varies 
from 50 microseconds up to about 150 microseconds, corresponding to pulse repetition frequencies from 
20 kHz down to about 6.6 kHz. 

Each group of impulses constitutes a coherent processing interval. The coherent processing interval is the 
time period over which the radar signal can be coherently integrated. In general, longer integration times 
improve signal to noise ratio and enhance the probability of detecting the targets. For the experimental 
air-to-air radar, each coherent processing interval is made up of 256 pulses. The pulse Doppler signal for 
one coherent processing interval is simply the sum of TV of the pulses given in Equation 2: 

*«=£*■(').   0<t<nT (4) 
n=\ 



2.2    QUADRATURE DEMODULATION 

The quadrature demodulation process reduces the carrier frequency of the radar signal to zero by 
multiplying the signal given in Equation 4 by the complex exponential of the radar intermediate 
frequency [1]: 

y(t) = x(t) e l A)0r (5) 

where co0 = 2K f0 is the angular radar intermediate frequency (radians per second). 

Let the signal represented by y(t) in Equation 5 be applied as a complex voltage to the input of the two- 
pole lowpass filter shown schematically in Figure 2-1. The complex output voltage, z(t), represents the In- 
phase and Quadrature-phase (I&Q) components of the baseband radar signal. The remainder of this 
section is devoted to deriving a mathematical expression for z(t), when y(t) is given by Equation 5. 

o- A/W 
i(t) 

y(t) j'<0 
c, 

R, 

^F w 0 

-O 

=^ z(t) 

-o o  
Figure 2-1 Schematic diagram of a two-pole lowpass filter used to isolate the I&Q 
components of the baseband radar signal. 

An expression for the filter output voltage, z(t), can be derived from Figure 2-1 using Kirchoffs rules and 
the relationship 

l{t) = C dV(t) 

dt 
(6) 

where   C is the capacity (farads) of a capacitor, 
I(t) is the time-varying current (amperes) through the capacitor, and 
V(t) is the time-varying voltage applied across the capacitor. 

The filter output voltage can be written as 

z(t) = y(tHRXCi+C2)+R2C2)^-RAR2C2^- (7) 

where R,, R2, Cu and C2 represent the filter's resistors and capacitors, respectively. 



Equation 7 can be rewritten in the form 

(D2+2aD + b)z{t) = by{t) (8) 

where   D = —, which denotes differentiation by time, 
dt 

2<,.*l(c.+c,)+*,c,,IBi 
RXC^R2C2 

/VjCj/12^2 

Equation 8 can be solved for the filter output voltage, z(t), by application of the Laplace Transform and 
the Convolution Theorem [2]. The filter output voltage becomes 

where   r, and r2 are the roots of the characteristic equation s2+2as + b = 0 (note that r,r2 - b), and 

£, is a variable of integration. 

Substituting Equations 4 and 5 into Equation 9 gives the filter output voltage, z(t), as a function of the 
radar return signal, x„(t): 

N 

K — r. Jo —i n=\ rx-r2\     "v „=i 
(10) 

By the definition ofx„(t) given in Equations 1 and 2, the output due to the n& input pulse can be shown to 
be 

:a(r) = _^2_p|'e-^+^sin(fl^)^-ev|'e^+^sin(ö^)^l   '„^<'„+,     (H) 
r,-r2 

where tn ={n-\)T. 

The integrals in Equation 11 must be evaluated separately for two different time periods: during the pulse, 
tn<t<{tn+z), and after the pulse, (t„ + r) < t < tn+l. Evaluating the integrals is simplified by making 

the substitutions 

t = t.+t, (12) B        r 



and 

in(ö^) = sin 
2i 

(13) 

where tr is time relative to the start of the n* pulse. 

Substituting Equations 12 and 13 into Equation 11 and evaluating the integrals gives 

z„(0 = 

1   rxr2 
f 

I 

in" 

2/ r. 

. ai 
\c 

o"°n'n 

(e-'-l) +- 

■i(2fi)0+fi)o>„ 

+ - 

1   r,r2 

2i rx - r2 
eVr 

,r*r 

v 
—(e--l)+- 

•l(2<Bo+<»D)l„ 

(■*-!) 
-/(2ffl0+<un )»„ 

(e*-l) 

\ 
,    ?r<r 

/ (14) 

(A-i) 

(2to0+ü)D)tn 

^-l)+i— (e*-l) ,   f >r 
-v 

where   ax ={icoD -r,), 

a2=(z<y0-r2), 

Z>, = -(/ [2a>0 + coD ] + r,), and 

Z>2s-(i[2ö)0+©D]+r2). 

For the experimental air-to-air radar system, the pulse period is an integral number of pulse widths (T = M 
x) and the pulse width is four divided by the radar intermediate frequency (x = 4//0). This gives 

Substituting Equation 15 into Equation 14 and rearranging the terms gives 

(15) 

*„(0 = 

1   rxr2 

2/ rx - r2 

■>** 

a, a-, 
ei"B<„   + 

Sl'r 

bl b2 

e 

-"°Dt„ 
.   >r<

7 

(16) 

1   rxr2 

2/ r, - r2 

—(ea'r-l)-—(ea^-l) 
a, a2 

e"0»'- + 

Pf-ihfy'-i) ,-'<»D>* ,     tr>T 

which is the filtered baseband pulse Doppler return signal (I&Q) from a point target. 



2.3    TRANSIENT DOPPLER ARTIFACTS 

Equation 16 shows that the filtered baseband pulse Doppler return signal (I&Q) from a point target 
consists of two terms: one term at the positive Doppler frequency (the 4*> '■ term) and the other term at 

the negative Doppler frequency (the e~"°D'n term). 

Equation 16 can be evaluated numerically using the MATLAB [3] program in Listing A-l. Figure£2 
sh'ows the relative power of the positive Doppler term (target) and the negative ^rtena(^) as 
functions of time for a 640 nanosecond radar pulse starting at time zero. The pulse location and pu se 
wfdth ar denoted in the figure by the shaded area. The figure shows that the artifact level reaches; oc*1 
maxima shortly after the leading and trailing edges of the pulse. The maximum ^^^ 
with the leading edge of the pulse is 30.1 dB below the maximum target level, while the maximum 
Trtifact level associated with the trailing edge is 33.2 dB below the maximum target level. Note the fine 
structure of the leading edge transient. 

1.5 2 
Time (uSec) 

Figure 2-2 Relative power of the positive Doppler term (target) and the negative Doppler 
term (artifact) for a 640 nanosecond pulse. The pulse location and pulse width are 
denoted by the shaded region. 

The maximum trailing edge artifact power level can be determined from the negative Doppler term (the 
e'"°D '• term) of Equation 16 by differentiating with respect to tr to find the time of the maximum power 
level, then substituting this time back into Equation 16. This substitution and some approximations give 

PuaJtr**)» I6xf0 

(17) 

where   r = r, « r2, 

r»coD, and 

O)0 » 0)D. 



Equation 17 shows that the maximum artifact power level can be reduced by decreasing r, which 
corresponds to decreasing the filter bandwidth, or by increasing the radar intermediate frequency,^. The 
MATLAB program in Listing A-l evaluates Equation 17 to approximate the maximum trailing edge 
artifact power level; the numerical value is 28.7 dB below the maximum target level for the example 
shown above in Figure 2-2. 

Figure 2-3 shows the relative power of the positive Doppler term (target) and the negative Doppler term 
(artifact) as functions of time for a 2 microsecond pulse starting at time zero. The pulse location and pulse 
width are denoted in the figure by the shaded area. The maximum leading edge artifact level is 31.9 dB 
below the maximum target level, while the maximum trailing edge artifact level is 33.2 dB below the 
maximum target level. The figure shows that the artifact power level decreases asymptotically during the 
pulse to some fixed level at the end of the pulse. This fixed level represents the steady-state rejection of 
the negative Doppler term by the lowpass filter. In this case, the filter rejection ratio is 49.1 dB. 
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Figure 2-3 Relative power of the positive Doppler term (target) and the negative Doppler 
term (artifact) for a 2 microsecond pulse. The pulse location and pulse width are denoted 
by the shaded region. 

From Equation 16, the ratio of the artifact to target power can be written as 

|2 

*(0= 

oVr 

(e--l)-^(^-lj 

-(*"-l)-f(^->l ax a2 | 

^(A-i)-^(^-if br    ' b2 
v    y 

— (efl|r-l)- — (e°2r-lj 
ax a2 ] 

<T 

(18) 

,     t   >T 9 vf   —   * 



The asymptotic power ratio at the end of the pulse can be approximated from the upper portion of 
Equation 18by letting /.become so large that the exponential terms er*' and e**' go to zero. The result is 

*, 
4T/O 

(19) 

where   r = rx &r2, 

r»coD, and 

co0 » coD. 

Equation 19 gives the rejection of the negative Doppler artifact by the lowpass filter when driven with a 
continuous sinusoidal signal. The filter rejection ratio can be increased by decreasing r, which 
corresponds to decreasing the filter bandwidth, or by increasing the intermediate frequency^o-The filter 
rejection ratio is calculated by the MATLAB program in Listing A-l; the numerical value is 49.1 dB 
below the maximum target level for the example shown above in Figure 2-3. 

3.0 SIMULATION RESULTS 

This section presents a software simulation of the quadrature demodulation of the pulse Doppler return 
signal from a point target that was discussed in the previous section. The simulation produces a time- 
frequency image that exhibits transient Doppler artifacts similar to those predicted by the mathematical 

analysis. 

The MATLAB program in Listing A-2 simulates the quadrature demodulation of the target return signal 
given by Equation 4. The target return signal is formed by computing a sinusoidal signal for the entire 
coherent processing interval and then applying a mask to each pulse period to simulate the radar pulses. 
The frequency of the sinusoidal signal is the radar intermediate frequency plus the Doppler frequency ot 
the simulated target. (The choice of Doppler frequency is somewhat arbitrary; a value of 0.25 times the 
pulse repetition frequency has been selected, as it provides for the greatest separation in frequency 
between the target and the artifact, and also ensures that the target and artifact signals are centered in a 
Doppler frequency bin.) The pulsed sinusoidal signal is multiplied by the complex exponential ot the 
radar intermediate frequency and then lowpass filtered using an Infinite Impulse Response approximation 
of the two-pole lowpass filter shown in Figure 2-1 and analyzed in Section 2.2. 

The time-frequency image produced by the software simulation is shown in Figure 3-1. The figure shows 
the power level (in decibels) of the simulated target return and the artifact as a function of the time from 
the start of the pulse (horizontal axis) and the Doppler frequency (vertical axis). The pulse location and 
pulse width are denoted by the shaded region. The image shows clearly the separation in time between the 
leading edge artifact and the trailing edge artifact. The maximum level of the leading edge artifact is 30.0 
dB below the maximum target level; the maximum level of the trailing edge artifact is 32.9 dB below the 
maximum target level. The artifact is located at a Doppler frequency that is the negative of the target 
Doppler frequency. 
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Figure 3-1 Time-Frequency image produced by the software simulation, showing the 
power level of the simulated target return and the artifact as a function of time and 
frequency. The pulse location and pulse width are denoted by the shaded region. 

Figure 3-2 shows cross sections in time through the simulated target and the artifact shown above in 
Figure 3-1. The pulse location and pulse width are denoted by the shaded region. These curves are to be 
compared with those shown previously in Figure 2-2; the root-mean-square difference between the 
relative artifact power levels is less than 1 dB. 

1.5 2 
Time (uSec) 

Figure 3-2 Cross-sections in time through the simulated target and the artifact for the 
software simulation. The pulse location and pulse width are denoted by the shaded 
region. 



4.0 EXPERIMENTAL RESULTS 

This section presents experimental results obtained from measurements of a synthetic target signal 
applied to the Digital Radar Receiver, which implements quadrature demodulation in hardware The 
experimental results confirm the existence of transient Doppler artifacts consistent with both the 
mathematical analysis in Section 2.0 and the software simulation m Section 3.0. 

4.1    HARDWARE DESCRIPTION 

Fieure 4-1 shows a block diagram of the Digital Radar Receiver, which is implemented as two cards in a 
ZEILT^T^ Digftal Radar Receiver uses a Pentek Model 6441 f^^^ 
VME Board [4] to digitize the radar signal at the intermediate frequency, and a modified PentekModel 
4272 Mumband Digifal Receiver Module [5] to downconvert and band limit the wideband radar data. 
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25 MHz —■ 

Pentek 6441 
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-+- 
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Figure 4-1 Block diagram of the Digital Radar Receiver hardware. 

The Analog-to-Digital Converter Board samples the input signal with 12-bit resolution at a sample rate of 
25 MHz, which is four times the radar intermediate frequency of 6.25 MHz. The maximum^gnal 
amplitude is 2.0 volts peak-to-peak. The output of the ^^«^^^^^^^^ 
input port of the Multiband Digital Receiver Module. This port uses a Graychip GC1012 Digital Tuner 
Chip [6] to process the sampled input signal. The GC1012 first multiplies the input data by cosine and 
resequences tuned to the radar intermediate frequency. The product sequences are lowpass »toed and 
decimated (sub-sampled) by a factor of 16, reducing the output data rate to 1.5625 MHz. The decimated 
data sequences are rounded and multiplexed to form the complex In-phase and Quadrature-phase (I&Q) 
data stream that is analogous to the output voltage, z(t), of the lowpass filter discussed in Section 2.2. 

The output sample period, which is the reciprocal of the output data rate, is 640 nanoseconds. This period 
corresponds to the range cell or range bin of an analog radar receiver [7] and is referred to here as the 
range gate. This period defines the range resolution of the radar, which is approximately 96 meters. 

4.2    MEASUREMENTS 

The synthetic target signal is a pulsed sinusoid of fixed amplitude at a frequency that is the sum of the 
radar intermediate frequency (6.25 MHz) and the target Doppler frequency. For the measurements 
presented here, the Doppler frequency is 3 kHz, the pulse width is 640 nanoseconds, and the pulse 
repetition frequency is 16.6 kHz. 
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A range-Doppler map is an image that is formed by grouping the I&Q radar data for a coherent 
processing interval into a matrix of N pulse periods by M range gates. A complex Fast Fourier Transform 
is applied to the JVT&Q samples at each range gate, transforming the time domain data into the frequency 
domain. The frequency domain data are squared and converted to decibels to represent the power of the 
radar signal as a function of range gate (horizontal axis) and Doppler frequency (vertical axis). 

The range-Doppler map is ambiguous in both range gate and Doppler frequency. Given a target with 
unambiguous range gate and Doppler frequency coordinates (m, fD ), the apparent range gate and 

Doppler frequency coordinates will be (m mod M,fD mod PRF). For example, the artifact associated 
with the synthetic target signal will appear in the range-Doppler map with a Doppler frequency of (-3.0 
kHz mod 16.6 kHz), which is 13.6 kHz. 

The range-Doppler map computed from the I&Q output of the Digital Radar Receiver due to application 
of the synthetic target signal is shown in Figure 4-2. The figure indicates the locations of the synthetic 
target at the expected Doppler frequency of 3.0 kHz, and the artifact at the negative Doppler frequency of 
-3.0 kHz, which is aliased to 13.6 kHz. The dynamic range of the image is 90 dB. The maximum power 
level of the artifact is 30 dB below the maximum power level of the synthetic target. 

40 50 60 
Range Gate 

Figure 4-2 Range-Doppler map computed from the output of the Digital Radar Receiver 
due to application of the synthetic target signal, showing the locations of the synthetic 
target and the artifact. 

5.0 IMPACT ON RADAR PERFORMANCE 

This section discusses the potential impact of the transient Doppler artifacts on the detection performance 
of a radar system, and considers techniques to mitigate the deleterious effects of the artifacts. 

5.1    OPERATIONAL IMPACT 

The air-to-air surveillance mode for the CP-140 will normally operate in a down-looking mode. That is, 
the CP-140 will normally fly above any potential targets, with the radar antenna pointing down, scanning 
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a volume of airspace for targets. There will be a strong return signal from the portion of the earth's 
surface that is illuminated by the main lobe of the antenna. This signal is called the main lobe clutter. 

As an example, Figure 5-1 shows a range-Doppler map of simulated main lobe clutter generated by£e 
SAFIRE radar simulation program. The scenario is that of a CP-140 flying at a ahitude of 3,000 meters 
(about 10,000 feet) and at a speed of 180 meters per second (about 350 knots). The antenna is pointing at 
-3.3 degrees elevation (3.3 degrees down from the horizon) and 77.8 degrees azimuth (77.8 degrees 
clockwise from straight ahead). The pulse repetition frequency is 9.9 kHz and the radar pulse width is 600 
nanoseconds. The broad band of energy spread over Doppler frequencies from about 2 kHz to about 3.2 
kHz is the main lobe clutter. In general, targets that are masked by the main lobe clutter cannot be 
detected by a pulse Doppler radar. 

20    40    60    80    100   120   140 
Range Gate 

Figure 5-1 Range- Doppler map of simulated main lobe clutter generated by the SAFIRE 

radar simulation program. 

The effect of the transient Doppler artifacts can be approximated for a range-Doppler map by inverting 
the range-Doppler matrix along the Doppler frequency axis, multiplying by the artifact-to-signal ratio 
and adding the result to the original data matrix. Figure 5-2 shows the result of applying this process to 
the range-Doppler map shown in Figure 5-1, for an artifact-to-signal ratio of-30 dB. The artifact 
associated with the main lobe clutter is spread over Doppler frequencies from about 6.8 kHz to about 8 
kHz Weak radar targets located in that frequency band might be masked by the artifact. The artifact 
could effectively double the number of range-Doppler cells in which a target might be masked by the 
main lobe clutter. 
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Figure 5-2 Range-Doppler map of simulated main lobe clutter with the addition of 
approximated transient Doppler artifacts. 

5.2    MITIGATION OF EFFECT 

5.2.1    VARIABLE FREQUENCY OSCILLATOR 

The Variable Frequency Oscillator (VFO) tunes the quadrature demodulation of the radar return signal to 
the sum of the radar intermediate frequency and an estimate of Doppler frequency of the main lobe 
clutter. This effectively tunes the main lobe clutter to zero Doppler frequency in the range-Doppler map. 
This technique is often used in pulse Doppler radar systems to simplify subsequent target detection 
processing. In the present context, the Variable Frequency Oscillator will also tune the transient Doppler 
artifact of the main lobe clutter to zero Doppler frequency, eliminating the deleterious effects of the 
artifact associated with the main lobe clutter. 

5.2.1.1   Target Scenario 

Figure 5-3 shows the range-Doppler map of the scenario described above, this time with the addition of 
thermal noise and a target. The target is at a range of 48.2 kilometers (26 nautical miles), an altitude of 
395 meters (1300 feet), and has a closing speed of 112 meters per second (218 knots). The radar cross 
section is 5 square meters. 
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Figure 5-3 Range-Doppler map showing simulated main lobe clutter, thermal noise, and a 
target at a range of 48.2 kilometers. 

Figure 5-4 shows cross sections in Doppler frequency and range gate through the target in Figure 5-3^ 
While the target return is not as strong as the main lobe clutter, it is stronger than the surrounding clutter, 
with a local signal-to-noise ratio of about 26 dB. 

s 
» -100 

60 80 100 
Range Gale 

Figure 5-4 Cross sections in Doppler frequency (upper plot) and range gate (lower plot) 
through the target in Figure 5-3. 

5.2.1.2   VFOOff 

Adding an approximation of the transient Doppler artifact to the range-Doppler map shown in Figure 5-3 
results in the range-Doppler map shown Figure 5-5. The artifact-to-signal ratio is -30 dB. The figure 
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shows that while the target is still visible, it is partially masked by the transient Doppler artifact of the 
main lobe clutter. 

a. 
Q. 

S3 wi' ■ * -fv. ̂ ^^l^^^^^i^^'^^&f^^f'^w^^. jpyFW^r*3£z&i 
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Figure 5-5 Range-Doppler map showing the simulated main lobe clutter, thermal noise, 
and a target, with approximated transient Doppler artifacts (VFO off). 

Figure 5-6 shows cross sections in Doppler frequency and range gate through the target in Figure 5-5. The 
target is still stronger than the surrounding clutter and is still detectable, but the local signal-to-noise ratio 
has decreased to about 15 dB. This 11 dB reduction in signal-to-noise ratio in the region of the transient 
Doppler artifact would significantly reduce the detection performance of the radar. 

60 80 100 
Range Gate 

Figure 5-6 Cross sections in Doppler frequency (upper plot) and range gate 
(lower plot) through the target in Figure 5-5 (VFO Off). 
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5.2.1.3   VFOOn 

In contrast to the range-Doppler map shown Figure 5-5, Figure 5-7 shows the target and main lobe clutter 
with the simulated transient Doppler artifacts but now with the VFO turned on. Both the main lobe clutter 
and its artifact are mapped to zero Doppler frequency, and the target is not masked by the artifact. 

60 80 100 
Range Gate 

Figure 5-7 Range-Doppler map showing the simulated main lobe clutter, thermal noise, 
and a target, with approximated transient Doppler artifacts (VFO on). 

60 80 100 
Range Gate 

Figure 5-8 Cross sections in Doppler frequency (upper plot) and range gate (lower plot) 
through the target in Figure 5-7 (VFO on). 

Figure 5-8 shows cross sections in Doppler frequency and range gate through the target in Figure 5-7. The 
target is stronger than the surrounding clutter and is detectable, with a local signal-to-noise ratio of about 
26 dB. This is the same as the local signal-to-noise for the case of no artifacts and no VFO shown above 
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in Figure 5-3 and Figure 5-4. The VFO can be expected, therefore, to eliminate the degradation of 
detection performance due to masking of the target by the transient Doppler artifact associated with the 
main lobe clutter. 

5.2.2    PULSE SHAPE 

The transient Doppler artifact is shown in Section 2.0 to be associated with the leading and trailing edges 
of the pulse Doppler waveform. The strength of the artifact might be less for radar pulses having non-zero 
rise and fall times. The pulse Doppler waveform seen at the input of the analog-to-digital converter will 
typically have rise and fall times on the order of 50 to 100 nanoseconds. 

The MATLAB program in Listing A-2 can accommodate symmetric linear rise and fall times for the 
radar pulses. Figure 5-9 shows the range-Doppler map of the simulated target and its transient Doppler 
artifact for pulses with rise and fall times of 80 nanoseconds. The maximum leading edge artifact power 
level is 41.3 dB below the maximum target level; the maximum trailing edge power level is 48.3 dB 
below the maximum target level. This is an improvement of 10 to 15 dB in the relative power levels of 
the transient Doppler artifact compared to the simulation results in Section 3.0 where the pulses have zero 
rise and fall times. 
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Figure 5-9 Time-Frequency image showing reduced transient Doppler artifacts for pulses 
with 80 nanosecond rise and fall times. 

5.2.3    INCREASED INTERMEDIATE FREQUENCY 

The analysis in Section 2.0 shows that the relative power level of the transient Doppler artifact can be 
reduced by decreasing the bandwidth of the lowpass filter or by increasing the radar intermediate 
frequency. The bandwidth of the lowpass filter is determined by other constraints such as optimizing the 
signal to noise ratio. In the case of the Digital Radar Receiver, the bandwidth of the lowpass filter is 
determined by the decimation factor and cannot be changed. 

The choice of radar intermediate frequency is limited by the sample rate of the analog-to-digital 
converter. In the case of the Digital Radar Receiver, the maximum sample rate is limited to 41 MHz. The 
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design concept requires that the intermediate frequency be one-quarter the sample rate. This gives a 
maximum intermediate frequency of 10.25 MHz, and a potential reduction of 4 dB m artifact level. 

Using data derived from the MATLAB program in Listing A-l, Table 5-1 summarizes the expected 
transient Doppler artifact power levels relative to the maximum target level for a number of different 
intermediate frequencies. 

Table 5-1 Relative artifact power level for various intermediate frequencies. 

Intermediate Frequency 
 (MHz)  

6.25 
12.5 
25.0 
50.0 

100.0 
200.0 
400.0 

Relative Leading Artifact 
Power Level (dB) 

30.1 
36.8 
43.1 
49.3 
55.4 
61.4 
67.5 

Relative Trailing Artifact 
Power Level (dB) 

33.1 
39.1 
45.1 
51.1 
57.2 
63.2 
69.2 

Future designs could take advantage of faster hardware as it becomes available. With sufficiently capable 
hardware, the intermediate frequency could eventually reach the 50 MHz to 100 MHz region typically 
used in analog radar systems. An intermediate frequency of 100 MHz would require an analog-to-digita 
converter with a sample rate of 400 MHz or higher, but would result in an improvement of about 25 dB in 

artifact level. 

6.0 SUMMARY AND CONCLUSIONS 

This report has presented a mathematical analysis of the pulse Doppler return signal expected from a 
point target The analysis predicts the existence of transient Doppler artifacts associated with the leading 
and trailing edges of the radar pulses. The maximum power level of the artifacts, relative to the maximum 
power level of the target signal, is shown to be inversely proportional to the square of the radar 
intermediate frequency. For the experimental air-to-air radar, the analysis predicts an artifact power level 
about 30 dB less than the target signal level, with the artifact occurring at a frequency that is the negative 
of the target signal Doppler frequency. 

Quadrature demodulation of the pulse Doppler return signal from a point target is simulated in software. 
The simulation produces a time-frequency image that exhibits transient Doppler artifacts similar to those 
predicted by the mathematical analysis. The maximum power level of the simulation artifact is about 2 / 
dB less than the simulated target level. The simulation artifact appears in the time-frequency image at a 
frequency that is the negative of the target Doppler frequency. 

A Range-Doppler map derived from experimental measurements of a synthetic target signal applied to the 
Digital Radar Receiver exhibits transient Doppler artifacts consistent with both the mathematical analysis 
and the software simulation. The maximum power level of the experimentally measured artifact is about 
25 dB less than the synthetic target level. The experimentally measured artifact appears in the Range- 
Doppler map at a frequency that is the negative of the synthetic target Doppler frequency. 

Using the S AFIRE radar simulation program, a simulation of the main lobe clutter expected in CP-140 
operations indicates that the transient Doppler artifacts could degrade the signal to noise ratio of targets 
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by about 10 dB if the target falls in the frequency band occupied by the artifact associated with the main 
lobe clutter. The detection performance of a radar system would be degraded under these conditions. 

Techniques to mitigate the deleterious effects of the artifacts include using a Variable Frequency 
Oscillator, using pulses with non-zero rise and fall times, and increasing the radar intermediate frequency. 
The Variable Frequency Oscillator tunes the Doppler frequency of the main lobe clutter and its artifact 
both to zero. This preserves the local signal to noise ratio for the target, and thereby eliminates the effect 
of the transient Doppler artifact associated with the main lobe clutter. Using radar pulses with non-zero 
rise and fall times, as would be the case with any real radar transmitter, further reduces the relative power 
level of the transient Doppler artifacts. For example, using pulses with rise and fall times of 80 
nanoseconds reduces the relative artifact power level by 10 to 15 dB. Future systems could take 
advantage of faster hardware as it becomes available, with the goal of eventually increasing the 
intermediate frequency to about 100 MHz. This would require an analog-to-digital converter capable of 
sampling at 400 MHz, but would reduce the artifact power level by about 25 dB. 

Combining pulses with non-zero rise and fall times with an intermediate frequency of 100 MHz could 
reduce the maximum artifact power level to 65 to 70 dB below the maximum signal power level. This is 
approaching the noise floor of the radar receiver; it would be difficult even to detect the transient Doppler 
artifacts at this power level, and they would have little or no impact on system performance. 
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APPENDIX A.    MATLAB PROGRAMS 

This appendix lists the MATLAB programs referenced in the main body of the report. MATLAB is a 
language for technical computing published by The Math Works, Inc. of Natick, Massachusetts. The 
language is particularly suited for vector and matrix arithmetic, and for graphical rendering of numeric 
information. 

Listing A-1       MATLAB program to calculate the filtered baseband pulse Doppler radar return signal 
from a point target 

function artifact = artifactl(pw,mult) 
%ARTIFACT1 evaluates the analytic expression in Equation 16 
Q. 

%artifact = artifactl(pw,mult) 
% 
%Input: 
%   pw = width of radar pulse [default = 640e-9] 
%   mult = multiplier for higher Intermediate Frequencies [default = 1] 
% 
%Output: 
%   artifact = relative artifact power 
"O 

%For Figure 2.2 use: » artifactl; 
%    Figure 2.3 use: » artifactl(2e-6); 
%   Table 5.1 use:  » artifactl(640e-9,mult); mult = 1, 2, 4, 8, 16, 32, 64 

% Steven Hughes 
% DREO/ARN 
% Last edit: 01 Dec 1999 

% Set default values for the input parameters 
if nargin < 2 

mult = 1; 
if nargin < 1 

pw = 640e-9; 
end 

end 

% Check that the IF multiplier is a positive integer 
if mult < 1 | floor(mult) ~= mult 

error('The IF multiplier must be a positive integer.'); 
end 

% Set the radar Intermediate Frequency 
fO = mult*6.25e6;   % basic radar IF is 6.25 MHz 
wO = 2*pi*f0;       % angular IF 

% Set the sample rate high enough to resolve the fine structure 
% of the leading edge artifact 
fs = 16*f0; % sample rate 

% Set the pulse repetition interval (PRI) long enough to capture 
% the decay of the trailing edge artifact 
T = mult*20/f0;      % pulse period (PRI) 
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% Set the Doppler frequency of the target. The actual Doppler frequency 
% is somewhat arbitrary: choose 1/4 of the PRF. 
prf = 1/T; % pulse repetition frequency 
fD = prf/4.0;       % target Doppler frequency 
wD = 2*pi*fD;       % angular Doppler 

% Compute the number of samples in the pulse and in the pulse period 
pw_samples = round(pw*fs);    % # samples in the pulse 
pri_samples = round(T*fs);    % # samples in a pulse period 

% These are the roots (poles) for the two-pole RC filter 
% matched to a 640 ns pulse 
rl = -4660712; 
r2 = -4660720; 

% Compute the parameters used to evaluate Equation 16 
al = i*wD - rl; 
a2 = i*wD - r2; 
bl = -(i*(2*w0+wD) + rl) ; 
b2 = -(i*(2*w0+wD) + r2); 

rs = rl*r2/(2*i*(rl-r2)); 

% Evaluate Equation 16 during the pulse 
tr = (0:pw_samples-l)/fs; 
target = rs*term(rl,al,r2,a2,tr,tr); 
artifact = rs*term(rl,bl,r2,b2,tr,tr); 

% Evaluate Equation 16 after the pulse and append to the above 
tr = (pw_samples:pri_samples-l)/fs; 
target = [target rs*term(rl,al,r2,a2,tr,pw)]; 
artifact = [artifact rs*term(rl,bl,r2,b2,tr,pw)]; 

% Convert to dB for plot 
% - add 'realmin' to stop MATLAB complaining about taking logarithms of zero 
target = 20*logl0(abs(target)+realmin); 
artifact = 20*logl0(abs(artifact)+realmin); 

% Plot the relative target and artifact power levels 
time = (0:pri_samples-l)/fs*le6;   % time in microseconds 
plot(time,target-max(target)); 
hold on 
% - shade in the pulse time 
xfill = [time(l) time(1:pw_samples) time(pw_samples)]; 
yfill = [-70 0*artifact(l:pw_samples)-55 -70]; 
fill(xfill,yfill,'y'); 
plot(time,artifact-max(target),':'); 
hold off 
axis([0 max(time) -70 15]); 
% - label the plot 
ix = find(target == max(target)); 
ix = ix(l); 
text(time(ix),3,'Target'); 
ix = find(artifact == max(artifact)); 
ix = ix(l); 
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text(time(ix),max(artifact)-max(target)+3,'Artifact') ; 
xlabel( "Time (\muSec)'); 
ylabel('Relative Power (dB)'); 
if pw < 0.8e-6 

text(time(pw_samples)/2,-63,'Pulse',... 
■HorizontalAlignment' , 'Center' , 'VerticalAlignment' , 'Bottom') ; 

text(time(pw_samples)/2,-63,'Width' 
'HorizontalAlignment','Center','VerticalAlignment','Top'); 

else 
text(time(pw_samples)/2,-63,'Pulse Width' 

'HorizontalAlignment','Center','VerticalAlignment','Middle'); 
end 
text (timed) , -63, '\leftarrow' 

'HorizontalAlignment','Left','VerticalAlignment','Middle'); 
text(time(pw_samples),-63,'\rightarrow' 

■HorizontalAlignment','Right','VerticalAlignment','Middle'); 

% Compute the relative power levels 
max_leading = max(artifact(l:pw_samples)); 
max_trailing = max(artifact(pw_samples+l:pri_samples)); 
fprintf(1,'The target to leading artifact ratio is %.lf dB.\n',... 

max(target)-max_leading); 
if mult > 1 

fprintf(1, '-- this is an improvement of %.lf dB.\n',... 
max(target)-max_leading - 30.1); 

end 
fprintf(1,'The target to trailing artifact ratio is %.lf dB.\n',... 

max(target)-max_trailing); 
if mult > 1 

fprintf(1,'-- this is an improvement of %.lf dB.\n',... 
max(target)-max_trailing - 33.1); 

end 

% Compute the approximate power ratio for the trailing artifact 
% according to Equation 17 
r = (rl + r2)/2; 
PMax = 20*logl0(abs(r/(16*pi*f0))); 
fprintf(1,'The approximate trailing artifact power ratio is %.lf dB.\n',... 

max(target)-PMax); 

if pw >= 1.75e-6 
% Compute the approximate asymptotic power ratio for the mid-pulse artifact 
% according to Equation 19 (this makes sense only for long pulses) 
Rl = 40*logl0(abs(r/(4*pi*f0))); 
fprintf(1,'The approximate filter rejection ratio is %.lf dB.\n',... 

-Rl) ; 
fprintf(1,'The simulated filter rejection ratio is %.lf dB.\n',... 

max(target)-artifact(pw_samples)); 
end 

artifact = artifact - max(target); 

return; 

0,0^0,0,0,0,0^0.0.0^0^0,0,0^0,0,0,0^0^0,0,0^0,0,0-0,0,0,0,0,0*0,0,0,0.0*0.0,0,0,0,0,0,9,0^ ^^^^^^^^^^^^^^^^^^^^^'0'^'0'0'0^'0'0^^'0'0^'0^'0'0^^'0'0^^'0'0'0^'0'5^-ö-ö-öo'ö^-ö-a  OOO  O  O  O  O  O  O  O  O  O  O  O  O  O  OT3 
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% Compute the inner term in Equation 16 
% - the calling program changes the parameters to evaluate the target and 
%   artifact terms both during and after the pulse 
function x = term(rl,al,r2/a2,tl,t2) 
x = exp(rl*tl).*(exp(al*t2)-l)/al - exp(r2*tl).*(exp(a2*t2)-1)/a2; 
return; 

Listing A-2       MATLAB program to simulate the quadrature demodulation of a pulse Doppler radar 
return signal from a point target 

function artifact = artifact2(rise) 
%ARTIFACT2 simulates the demodulation of the pulse Doppler return signal 
% 
%artifact = artifact2 
a. 

%Input: 
% rise  =   rise/fall   time   (seconds)    [default  =   0] 
% 
%0utput: 
%   artifact = relative artifact power 
'S 

%For Figures 3.1 and 3.2 use: >> artifact2; 
%For Figure 5.9 use: » artifact2(80e-9); 

% Steven Hughes 
% DREO/ARN 
% Last edit: 01 Dec 1999 

% Set the default input parameters 
if nargin < 1 

rise =0.0; 
end 
if rise < 0.0 

error('The pulse rise/fall time must be greater than 0 . ') ; 
end 

% Set the pulse width 
pw = 640e-9; 

% Set the radar Intermediate Frequency 
fO = 6.25e6;        % radar IF is 6.25 MHz 
wO = 2*pi*f0;       % angular IF 

% Set the sample rate 
fs = 16*f0; % sample rate 

% Set the pulse repetition interval (PRI) long enough to capture 
% the decay of the trailing edge artifact 
T = 20/f0; % pulse period (PRI) 

% Set the Doppler frequency of the target. The actual Doppler frequency 
% is somewhat arbitrary: choose 1/4 of the PRF. 
prf = 1/T; % pulse repetition frequency 
fD = prf/4.0;       % target Doppler frequency 

23 



wD = 2*pi*fD;       % angular Doppler 

% Compute the number of samples in the pulse and in the pulse period 
pw_samples = round(pw*fs);    % # samples in the pulse 
pri_samples = round(T*fs);   % # samples in a pulse period 

% Compute the number of samples in a 256-pulse CPI 
pulses = 256; 
cpi_samples = pulses*pri_samples;   % # samples in a CPI 

% Form the CW radar signal for an entire CPI 
t = (0:cpi_samples-l)/fs; % time for each sample in the CPI 
x = sin((wO+wD)*t); % the CW radar signal for the entire CPI 

% Create the pulse mask 
x = reshape(x,pri_samples,pulses); % reshape to a matrix 
mask = zeros(pri_samples,1); % initialize pulse mask to zero 
mask(l:pw_samples) = 1; % pulse mask 

% - apply rise & fall times 
if rise > 0.0 

n = round(rise*fs);    % number of samples in rise/fall time 
mask(l:n) = (0:n-l)/(n-1); 
mask(pw_samples-n+l:pw_samples) = (n-1:-1:0)/(n-1); 

end 

% Apply the pulse mask 
for p = l:pulses 

x(:,p) = x(:,p) .* mask;        % apply the mask for each pulse 
end 
x = reshape(x,1,cpi_samples);      % reshape back to a vector 

% Mix to baseband 
y = x .* exp(i*w0*t); % complex quadrature data 

% Define an IIR approximation to the two-pole RC filter 
rl = -4660712;    % roots (poles) for a 640 ns pulse 
r2 = -4660720; 

denom = ((2*fs-rl)*(2*fs-r2)); 
b(l) = rl*r2/denom; 
b(2) = 2*b(l) ; 
b(3) = b(l) ; 

a(l) = 1; 
a(2) = 2*(rl*r2-(2*fs)A2)/denom; 
a(3) = ((2*fs+rl)*(2*fs+r2))/denom; 

% Low-pass filter to isolate the baseband 
z = filter(b,a,y);     % z contains the I&Q data 

% Display the time-frequency data (Figure 3.1 or 5.9) 
z = reshape(z,pri_samples,pulses)';    % reshape to a matrix 
window = hanning(pulses); 
for j=l:pri_samples 
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z ( : , j ) = window .* z (: , j ) ; 

end 

cw = abs (fft (z)); % convert to frequency space 
db = 20*logl0(cw+realmin);      % convert to dB scale 
mdb = max(max(db)); % max vaule for display 

levels =80;                   % number of levels for display 
colormap(gray(abs(levels)));    % set the levels 
x = (0:pri_samples-l)/fs*le6; % time in microseconds 
y = (0:pulses-l)/pulses*prf/1000; % frequency in kHz 
image(x,y,db-mdb+levels), axis xy; % plot the time-Doppler map 

xlabel('Time (\muSec)'); 
ylabel('Doppler Frequency (kHz)'); 

% Annotate the plot 
% - point to the target 
[jft^jt-| _ find(db == mdb);        % location of maximum level (target) 

target = db(jft,:);     % the target cross section 
j = findttarget(jt+1:end)-max(target) < -60) + jt; 
text(x(j(l)),y(jft),'\leftarrow Target','HorizontalAlignment','Left' 

'VerticalAlignment','Middle','Color','white'); 
jfa = pulses + 2 - jft; % frequency index of artifact 
artifact = db(jfa,:);   % the artifact cross section 
% - point to the leading and trailing artifacts 
jlead = find(artifact(l:pw_samples) == max(artifact(l:pw_samples))); 
text(x(jlead),y(jfa),'\downarrow','HorizontalAlignment','Center' 

■VerticalAlignment','Bottom','Color','white'); 
if rise <= 0 

text(x(jlead),y(jfa)+15,'Leading','HorizontalAlignment','Center' 
'VerticalAlignment','Bottom','Color','white'); 

else 
text(x(l),y(jfa)+15,'Leading','HorizontalAlignment','Left' 

•VerticalAlignment','Bottom','Color','white'); 

end 
jtrail = find(artifact(pw_samples+l:end) — ... 

max(artifact(pw_samples+l:end))) + pw_samples; 
text(x(jtrail),y(jfa) ,'\downarrow','HorizontalAlignment','Center' 

'VerticalAlignment','Bottom','Color','white'); 
text(x(jtrail),y(jfa)+15,'Trailing','HorizontalAlignment','Center' 

'VerticalAlignment','Bottom','Color','white'); 

% - point to the artifact 
j = find(artifact(jtrail+1:end)-max(target) < -60) + jtrail; 
text(x(j(l)),y(jfa),'\leftarrow Artifact','HorizontalAlignment','Left', 

'VerticalAlignment','Middle','Color','white'); 

hold on 
xfill =[0 0 x(pw_samples) x(pw_samples)]; 

yfill = [0 50 50 0]; 
fill(xfill,yfill,'y'); 
hold off 
text(x(pw_samples)/2,25,'Pulse' 

'HorizontalAlignment','Center','VerticalAlignment','Bottom'); 

text(x(pw_samples)/2,25,'Width' 
'HorizontalAlignment','Center','VerticalAlignment','Top'); 

text(x(l),25,'\leftarrow' 
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'HorizontalAlignment','Left','VerticalAlignment','Middle'); 
text(x(pw_samples),25,'\rightarrow',... 

'HorizontalAlignment','Right','VerticalAlignment','Middle'); 

% Plot cross sections in time through the target and the artifact for 
% comparison with the analysis (Figure 2.2) 
time = (0:pri_samples-l)/fs*le6;   % time in microseconds 
if rise == 0 

figure; 
plot(time,target-max(target)); 
hold on 
% - shade in the pulse time 
xfill = [time(l) x(1:pw_samples) time(pw_samples)]; 
yfill = [-70 0*artifact(l:pw_samples)-55 -70]; 
fill(xfill,yfill,'y'); 
plot(time,artifact-max(target),':'); 
hold off 
axis([0 max(time) -70 15]); 
% - label the plot 
ix = findftarget == max(target)); 
ix = ix(1); 
text(time(ix),3,'Target'); 
ix = find(artifact == max(artifact)); 
ix = ix(1); 
text(time(ix),max(artifact)-max(target)+3,'Artifact'); 
xlabel( "Time (\muSec) '); 
ylabel('Relative Power (dB)'); 
text(time(pw_samples)/2,-63,'Pulse' 

■HorizontalAlignment','Center','VerticalAlignment','Bottom'); 
text(time(pw_samples)/2,-63,'Width',... 

'HorizontalAlignment','Center','VerticalAlignment','Top'); 
text (time (1) , -63, ' \l.ef tarrow' 

■HorizontalAlignment','Left','VerticalAlignment','Middle'); 
text(time(pw_samples),-63,'\rightarrow',... 

'HorizontalAlignment','Right','VerticalAlignment','Middle'); 
end 

% Compute the relative power levels 
max_leading = max(artifact(1:pw_samples)); 
max_trailing = max(artifact(pw_samples+l:pri_samples)); 
fprintf(1,'The target to leading artifact ratio is %.lf dB.\n',... 

max(target)-max_leading); 
fprintf(1,'The target to trailing artifact ratio is %.lf dB.\n',... 

max(target)-max_trailing); 

artifact = artifact - max(target); 

return; 
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